This study seeks to understand whether poverty very early in life is associated with early-onset adult conditions related to immune-mediated chronic diseases. It also tests the role that these immune-mediated chronic diseases may play in accounting for the associations between early poverty and adult productivity. Data (n = 1,070) come from the US Panel Study of Income Dynamics and include economic conditions in utero and throughout childhood and adolescence coupled with adult (age 30-41 y) self-reports of health and economic productivity. Results show that low income, particularly in very early childhood (between the prenatal and second year of life), is associated with increases in early-adult hypertension, arthritis, and limitations on activities of daily living. Moreover, these relationships and particularly arthritis partially account for the associations between early childhood poverty and adult productivity as measured by adult work hours and earnings. The results suggest that the associations between early childhood poverty and these adult disease states may be immune-mediated.
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health disparities | socioeconomic status E xisting research links early childhood income to adult productivity as measured by adult work hours and earnings (1) , with much of the association related to variation in individuals' ability to sustain full-time work in adulthood. Such sustained capacity for work may, in turn, be related to the presence or absence of chronic health conditions, which impair the physical and mental abilities required to achieve and maintain gainful employment. Commonalities among many of these prevalent, chronic conditions, such as hypertension and arthritis, include their propensities to disrupt activities of daily living (ADLs), their known linkages to socioeconomic status in both childhood and adult life (2, 3) , and their plausible partial mediation by neuroimmunological processes (4) (5) (6) (7) . Whether immune-mediated chronic diseases play a role in associations between early socioeconomic conditions and adult productivity is, therefore, an important and understudied question (8) . This study investigates both whether low income during very early childhood vs. other stages of childhood is associated with immune-mediated chronic health conditions in adulthood and the extent to which these adult health conditions might explain associations between very early childhood income and adult productivity. The reported analyses help to inform arguments not only for the role of early-life conditions and immune-mediated disease processes in adulthood but also implicating physical and mental health conditions in the intergenerational transmission of poverty (8) .
Early childhood income and later disease processes, especially immune-related processes, may be plausibly connected through several potential pathways (9) . First, the fetal origins hypothesis posits a biological programming process, where exposures and insults during the prenatal period have long-lasting implications for physiology and disease risk (10) . Maternal diet and smoking, for example, have known effects on the neonatal development of the immune system, which could play a role in the pathogenesis of immune-mediated disease (11) . Furthermore, low caloric intake during pregnancy is found to be associated with increases in chronic health conditions, such as coronary heart disease, hypertension, and obesity, among infants later in life (12) . Low birth weight has also been associated with chronic low-grade inflammatory processes in later life (13) .
Second, psychological stress has well-documented influences on cellular and humoral immune processes (14, 15) , and chronic stress from growing up poor could also play a role in dysregulation across multiple physiological systems with effects that persist (or possibly compound) into adulthood (16) . Childhood poverty may actually calibrate immune system responsivity, dysregulating inflammatory processes and resulting in a shift to proinflammatory states (17) . Third, parental behaviors associated with low income could increase susceptibility to immune-or inflammation-mediated diseases (18, 19) . Poverty-related adversity is known, for example, to impede parents' abilities to engage in warm and sensitive interactions with their children (20) , and parental warmth may moderate the effects of low socioeconomic status (SES) on inflammatory processes in children (21, 22) .
Fourth, low-income children attain less education as adults, and education is an important determinant of health, in part through knowledge of healthy diet and health-inducing behaviors (23) , which may help attenuate chronic inflammatory processes. Fifth, macrolevel conditions, such as the state of the business cycle during time of birth, are found to adversely impact health outcomes. Specifically, the risk of cardiovascular mortality increases among those individuals born during economic downturns (24, 25) . Finally, low income in early childhood has been linked to poor mental health in adulthood (9) . Disorders of mental health, especially depression, are associated with inflammation, and mental disorders are causally antecedent to inflammatory changes (21, 26) .
Given the credibility of these immune mediation pathways, the present study sought to relate high-quality measures of very early childhood income to incident adulthood disease states with demonstrable ties to immune-mediated pathogenic processes. In contrast to many epidemiological studies that rely on retrospective data of childhood SES, our data allow us to follow individuals from birth to adulthood and use concurrent reports of family income gathered annually between the prenatal year and age 15 y. We examine the relationship between income in different stages of childhood and adult health (arthritis, hypertension, and conditions that limit daily activities) and labor market productivity This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: kmz7@cornell.edu.
(earnings and work hours). Our data also provide rich controls for conditions correlated with income at the time of the individuals' birth, thus helping to rule out the influence of confounding factors.
Results
Data are drawn from the Panel Study of Income Dynamics (PSID), which has followed a nationally representative sample of about 5,000 families and their children since 1968. Our target study sample consisted of the 1,070 individuals born into the PSID households between 1968 and 1975, and these individuals constitute a representative national sample of children in these birth cohorts.
Interviews taken between 1998 and 2009 provide self-reported information on adult health and labor market productivity.
Descriptive statistics for outcome and control variables are presented in Table S1 . Key adult health outcome measures include the fractions of time that the individual reported arthritis, hypertension, or health conditions that limit daily activities in up to three interviews taken when the individual was between age 30 and 41 y (ADL). Key labor market outcomes include annual earnings, annual work hours, and hourly earnings, with each of these measures averaged over all available interview reports taken between age 30 and 41 y. Fig. 1 shows that adult health differed markedly depending on a child's family income during pregnancy and infancy, with poorer children more likely to report diagnoses of adult arthritis (10.6% vs. 4.6%, P < 0.01) and hypertension (19.0% vs. 11.2%, P < 0.01). Furthermore, as shown in Fig. 2 , children in low-income families between the prenatal year and second year had lower annual earnings as adults ($21,600 vs. $53,400, P < 0.01), annual work hours (1,460 vs. 1,877 h, P < 0.001), and hourly earnings ($13.60 vs. $26.50/h, P < 0.01) in adulthood.
Although children born into low-income families are most likely to be low income throughout childhood and adolescence, there is still substantial mobility across income classes. Table S2 classifies children according to the average prenatal to age 2 y period (early childhood) and later incomes. Only about one-half of the children with early-life incomes that were below $15,000 had incomes that low between age 3 and 5 y (53%) or between age 6 and 15 y (59%). This income volatility enables us to estimate impacts of income very early in childhood while controlling for income in other childhood stages, which should be very helpful in controlling for the kinds of omitted variable biases present in most studies of poverty effects. Table S3 ) summarizes regression results for three of the adult health outcomes. Key independent variables are family income (in 2010 dollars) averaged between the individual's prenatal year and age 2 y, between age 2 and 5 y, and between age 6 and 15 y. Each of these income segments is treated as a piecewise linear (spline) function with a knot at $25,000. Figs. 3 and 4 show results for the first (low-income) segment only. Additional control variables included in the analysis are listed in Table S1 .
Increases in childhood income between prenatal and age 2 y are associated with reductions in hypertension, arthritis, and ADL limitations, but these associations are statistically significant only among low-income children. Specifically, a $5,000 increase in household income among low-income children in any of the years between the prenatal period and age 2 y (a total of 4 y) is associated with a 1.1 percentage point reduction [95% confidence interval (CI) = −2.46, −0.12] in the proportion of years that hypertension was reported between the age of 30 and 41 y, a 1.3 percentage point reduction (95% CI = −1.92, −0.30) in the proportion of years that arthritis was reported, and a 0.02 point reduction (95% CI = −0.037, −0.001) in the ADL index. Increments to low or higher income between age 3 and 5 y or 6 and 15 y did not have statistically significant associations with adult hypertension and ADLs. In the case of arthritis, the coefficients on the low-income spline segment on income averaged between age 6 and 15 y were unexpectedly positive and significant. The null hypothesis of equality of the low-income coefficients for all three childhood periods could be rejected at P < 0.06 or lower for all three health outcomes.
We also estimated to what extent hypertension and arthritis accounted for the association between early childhood income and adult ADLs by adding them to the ADL regression equation (Table S3 , ADLs columns). We found that inclusion of these diagnoses reduced the coefficient on early childhood by onehalf. Arthritis was a statistically significant predictor of ADL limitations. Although early income had significant associations with these three health outcomes, it was not uniquely predictive of all health outcomes that we examined. SI Text shows that there are no significant associations between early childhood income and mental health.
To estimate the extent to which immune-mediated chronic diseases accounted for associations between early income and adult Fig. 1 . Percent of times that health conditions were reported between age 30 and 41 y by income status in early childhood. Low income includes children (n = 156) with average family income between their prenatal year and age 2 y below $25,000 (2010 dollars). Higher income includes children (n = 914) with average family income between their prenatal year and age 2 y greater than or equal to $25,000 (2010 dollars). Both differences were significant at P < 0.01. All data come from the PSID and are weighted. labor market productivity, we first estimated models of three key productivity-related measures-annual earnings, work hours, and hourly earnings-all of which are drawn from reported answers when respondents were between ages 30 and 41 y. Independent variables were identical to those variables used in the health models. As shown in Fig. 4 and consistent with prior research (1), low income in very early childhood has highly significant associations with annual earnings and work hours but not hourly earnings. This finding suggests that variation in individuals' ability to sustain full-time work careers rather than their hourly earnings for each hour worked is most consequential in explaining why children with low incomes early in life earn less per year as adults. Table S4 shows that the addition of hypertension and arthritis reduces the coefficient on early childhood income in the work hours model by 11% and that adding the ADL index reduces it by a total of 18.3%. Corresponding reductions for earnings are 23.8% and 30.2%, respectively.
Discussion
The outcomes examined here (hypertension and arthritis) are typically considered diseases of old age, but as the current study shows, adults of 30-41 y of age who were poor in early childhood reported hypertension about 19% of the time across three adult interviews and arthritis about 11% of the time. These rates are approximately two times the rates reported by adults who were not poor in early childhood. We, thus, hypothesized that the stressors associated with early childhood poverty may induce a proinflammatory state. In keeping with this hypothesis, we find that childhood income is associated with the risk of adult hypertension, arthritis, and limitations on daily activities. However, these associations seem to be highly specific. First, they are much stronger for income in the first years of life (between the prenatal year and age 2 y) than later in childhood. This finding is consistent with the hypotheses that these early years represent a sensitive period during which time social processes become embedded in biology and that epigenetic modifications could be responsible for these associations (27) . Second, the associations are much stronger at lower, rather than higher, income levels. This finding corresponds to a number of recent studies showing that income plays a more potent role in later life outcomes for those children at the bottom end of the income distribution (1). These patterns of effects mirror the patterns found in prior studies of the association between poverty early in childhood and adult labor market productivity (1) . Using data drawn from the same source, we replicate those prior results and extend them in showing that earlyonset hypertension, arthritis, and limitation on daily activities account for a modest share of those associations.
One specific hypothesis that these findings support, which requires more investigation and direct measurement of immune parameters, is that inflammatory changes constitute a core biological process initiating and mediating associations between early childhood poverty and adult disease. Although other nonimmune-mediated processes may also be relevant (e.g., the role of diet and nutrition in the development of hypertension), emerging evidence suggests that inflammatory changes may be an additional common pathway to several chronic morbidities (28) . Acute inflammation is a complex orchestration of changes in blood flow, capillary permeability, leukocyte migration, and expression of cytokines-regulatory glycoproteins that serve as chemical messengers among immune cells and between the immune system and the brain (13) . Inflammatory processes are controlled by regulatory and counterregulatory events at the levels of the brain (e.g., the basal ganglia and the anterior cingulate cortex), neuroendocrine circuitry (i.e., the hypothalamic-pituitary-adrenocortical axis and the autonomic nervous system), and cellular function (e.g., helper T-lymphocyte differentiation into Th 1 vs. Th 2 cells) (17, 29, 30) . These processes confer short-term protection by resisting and often eliminating infectious and other pathogenic agents to which the host has been exposed, but such benefits are also accompanied, when inflammatory conditions persist, by long-term tissue damages. Physical aging, for example, is thought to be related, in part, to the long-term accumulation of damage from repeated episodes of acute inflammation (31) . Inflammatory changes are also an integral part of the human stress response and have been linked to the development of a broad range of adversity-related chronic diseases, such as coronary heart disease, asthma, and hypertension (6, 7, 13, 32) , and conditions of aging (33, 34) . Although such morbidities are likely to have multiple and interactive etiologic pathways [e.g., for hypertension (35) ], immune-mediated processes have been increasingly implicated in their pathogenesis. Whether inflammatory processes represent an independent risk factor for disease or simply mark underlying processes is not yet known (36) , and it remains unclear whether proinflammatory states are causally antecedent or consequent to chronic physical and mental morbidities (37) (38) (39) .
Nonetheless, immune parameters that index proinflammatory states can be strong near-term predictors of the mortality and Fig. 3 . Simulated change in the percentage of times that health conditions were reported between age 30 and 41 y in response to a $5,000 (in 2010 dollars) annual increase in income status in various childhood stages. Red boxes show results for the prenatal year through age 2 y, white boxes show results for age 3-5 y, and gradient boxes show results for age 6-15 y. Information is based on regression results presented in Table S3 . All results are based on estimates for individuals with childhood incomes below $25,000. All data come from the PSID and are weighted. diminished job productivity associated with age-related chronic diseases (33) . Animal models show that occupying subordinate social positions is associated with proinflammatory shifts in cytokine signaling pathways (40) , and other recent evidence suggests that exposures to early low SES environments are linkable to similar immune changes in human children (36, 41, 42) . Low childhood SES is associated with higher blood levels of the acutephase reactant C-reactive protein, cytokine IL-6, and TNF-α (43) , and low SES children are more likely to develop a proinflammatory phenotype, placing them at risk for inflammatory diseases such as atherosclerosis, autoimmune disorders, and cancer (44) . Furthermore, immune-mediated chronic disease states, such as arthritis and other activity-limiting conditions, have established effects on job performance and market productivity, and even high blood pressure, plausibly mediated, in part, by proinflammatory changes, can hasten work-relevant declines in cognitive functioning (45) (46) (47) (48) .
Importantly, a major limitation of the current study in examining a proinflammatory hypothesis is the absence of direct measures of immune parameters. Nonetheless, our data offer many advantages relative to existing studies of the hypothesized nexus among childhood poverty, immune mediation, and adult disease processes. In particular, the present work gathers high-quality prospective information on family SES from a nationally representative sample. At the same time, our data track individuals only through age 41 y, which is too early to capture most of the eventual diagnoses of hypertension, arthritis, and activity limitations. Additionally, our data rely on self-reported diagnosis of conditions, which is subject to error. Studies suggest underreporting of chronic health conditions (49) , although most validation studies are in older populations than our sample, with hypertension underreported across groups (50); self-reported diagnosis of arthritis has been judged valid for surveillance purposes (51) . Moreover, our data lack other key mediating measures during childhood, such as childhood health conditions, physical activity, stress exposure, health risk behaviors, health status of the mother at the time of the child's birth, and breastfeeding practices, all of which might help provide an understanding of the process by which early economic conditions matter for later life health.
All else equal, our results suggest that, for children living in low-income households, income increases in any of the years between the prenatal period and second year of life are associated with statistically significant reductions in adult hypertension and arthritis. Our point estimates imply that raising the average income of low-income children by $5,000/y over the entire 4-y interval is associated with about 5 percentage point reductions in the risks of adult arthritis and hypertension. Although $20,000 constitutes a sizeable income increase, the reductions in risk for both conditions (one-quarter for hypertension and close to onehalf for arthritis) are also quite substantial, given the 19% and 11% rates, respectively, of hypertension and arthritis among those adults who were poor in early childhood.
These findings point to the potential importance of policies that affect the financial resources available to families with young children. Our findings indicate that the incomes of the most economically disadvantaged families should be of greatest concern, particularly during the years when these families have young children. Virtually all countries have a variety of tax and transfer programs that redistribute income. In the United States, the earned income tax credit pays up to $5,751 per year to low-income working families, the temporary assistance for needy families program provides cash grants to low-income families for limited periods, and the child tax credit grants a nonrefundable credit of up to $1,000/y per child (information from the 2011 tax year). Targeting these transfers or similar programs to families with very young children may offer the largest benefit for later life health and wellbeing, and this extra income may be especially important in an era of rapidly rising healthcare costs.
Materials and Methods
Data. As detailed in SI Text, this study uses data from the PSID, which has followed a nationally representative sample of about 5,000 families and their children since 1968. Our target study sample consists of the 1,296 individuals who were born into the PSID households between 1968 and 1975. Parents of these individuals reported family income and other demographic information annually between their prenatal years and age 15 y. Some 1,070 of these individuals participated in the surveys between 1999 and 2009 as adults and had valid responses for at least one of the outcome health variables.
Dependent Variables: Health and Labor Market Productivity. The PSID provides data on both the physical and mental health of survey respondents. We drew our data from health and labor market reports taken when the individuals were 30-41 y old. In these years, respondents are asked whether a doctor has ever told them that they have high blood pressure, hypertension, arthritis, or rheumatism. Respondents are asked whether they experience health or physical disability problems (ADLs) in each year between 1999 and 2009. Additional health measures include a subjective health rating and the Kessler Screening Scale for Psychological Distress (K6). Adult productivity is captured with annual earnings, work hours, and hourly earnings, which is again averaged over all available reports taken when the individuals were between age 30 and 41 y.
Childhood SES and Demographics. Parent reports of annual total family income were averaged across three periods: the prenatal year through the calendar year in which the child turned 2 y, age 3-5 y, and age 6-15 y. Our analyses also control for the following demographic characteristics taken around the time of the child's birth: birth year, race, child sex, whether the child's mother was married at the time of his or her birth, region, age of the mother at the time of the birth, total number of siblings, and whether the child was the first birth of the mother. Completed schooling and a score on a sentence completion test taken from the head of the household (usually the father in two-parent households and the mother in single-parent households) are also included.
Analysis Plan. To account for a possible differential impact of increments to low as opposed to higher family income, we allowed the coefficients on average income within each childhood period to have distinct linear effects for average incomes up to $25,000 and incomes $25,000 and higher.
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